Binding of Propene on Small Gold Clusters and on Au(111): Simple Rules for Binding Sites and Relative Binding Energies by Chrétien, Steeve et al.
Chemistry Publications Chemistry
8-2004
Binding of Propene on Small Gold Clusters and on
Au(111): Simple Rules for Binding Sites and
Relative Binding Energies
Steeve Chrétien
University of California - Santa Barbara
Mark S. Gordon
Iowa State University, mgordon@iastate.edu
Horia Metiu
University of California - Santa Barbara
Follow this and additional works at: http://lib.dr.iastate.edu/chem_pubs
Part of the Chemistry Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
chem_pubs/441. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Chemistry at Iowa State University Digital Repository. It has been accepted for inclusion
in Chemistry Publications by an authorized administrator of Iowa State University Digital Repository. For more information, please contact
digirep@iastate.edu.
Binding of Propene on Small Gold Clusters and on Au(111): Simple
Rules for Binding Sites and Relative Binding Energies
Abstract
We use density functional theory(DFT) to investigate the bonding of propene to small gas-phase gold clusters
and to a Au(111) surface. The desorption energy trends and the geometry of the binding sites are consistent
with the following set of rules. (1) The bond of propene to gold is formed by donation of electron density
from the highest occupied molecular orbital (HOMO) of propene to one of the low-lying empty orbitals
[denoted by LUMO1, LUMO2, … (LUMO–lowest unoccupied molecular orbital)] of the gold cluster. (2)
Propene binds to a site on the Au cluster where one of the low-lying LUMOs protrudes in the vacuum.
Different isomers (same cluster, but different binding sites for propene) correspond to sites where different
low-lying LUMOs protrude in space. (3) The desorption energy of the lowest energy isomer correlates with
the energy of the lowest empty orbital of the cluster; the lower the energy of that LUMO, the higher the
desorption energy. (4) If the lowest-lying LUMO protrudes into space at two nonequivalent sites at the edge
of a cluster, propene binds more strongly to the site with the lowest coordination. These rules are consistent
with the calculated bond energies and geometries for [Aun(C3H6)]q, for n=1−5 and n=8 and q=−1, 0, +1.
Based on them we have made a number of predictions that have been confirmed by DFT calculations. The
bond of propene to gold is strengthened as the net charge of the cluster varies from −1, to zero, to +1.
Compared to a gas-phase cluster, a cluster on a support binds propene more strongly if the support takes
electron density from the cluster (e.g., a Au cluster on a goldsurface) and more weakly if the support donates
electron density to the cluster (e.g., a Au cluster on an oxygen vacancy on an oxide surface).
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We use density functional theory ~DFT! to investigate the bonding of propene to small gas-phase
gold clusters and to a Au~111! surface. The desorption energy trends and the geometry of the binding
sites are consistent with the following set of rules. ~1! The bond of propene to gold is formed by
donation of electron density from the highest occupied molecular orbital ~HOMO! of propene to one
of the low-lying empty orbitals @denoted by LUMO1, LUMO2, ... ~LUMO–lowest unoccupied
molecular orbital!# of the gold cluster. ~2! Propene binds to a site on the Au cluster where one of the
low-lying LUMOs protrudes in the vacuum. Different isomers ~same cluster, but different binding
sites for propene! correspond to sites where different low-lying LUMOs protrude in space. ~3! The
desorption energy of the lowest energy isomer correlates with the energy of the lowest empty orbital
of the cluster; the lower the energy of that LUMO, the higher the desorption energy. ~4! If the
lowest-lying LUMO protrudes into space at two nonequivalent sites at the edge of a cluster, propene
binds more strongly to the site with the lowest coordination. These rules are consistent with the
calculated bond energies and geometries for @Aun(C3H6)#q, for n5125 and n58 and q521, 0,
11. Based on them we have made a number of predictions that have been confirmed by DFT
calculations. The bond of propene to gold is strengthened as the net charge of the cluster varies from
21, to zero, to 11. Compared to a gas-phase cluster, a cluster on a support binds propene more
strongly if the support takes electron density from the cluster ~e.g., a Au cluster on a gold surface!
and more weakly if the support donates electron density to the cluster ~e.g., a Au cluster on an
oxygen vacancy on an oxide surface!. © 2004 American Institute of Physics.
@DOI: 10.1063/1.1769366#
I. INTRODUCTION
A short while ago it was discovered that, unlike bulk
gold, small gold clusters are chemically active and are prom-
ising catalysts for partial oxidation1–14 and partial
hydrogenation15–17 reactions. We are particularly interested
in Haruta’s discovery1 that Au clusters, supported on TiO2 ,
epoxidize propene with very high selectivity. The develop-
ment of a heterogeneous gas-phase catalytic process for par-
tial oxidation of propene has long been a goal of catalytic
chemistry and Haruta’s discovery has caused a bit of excite-
ment.
This reaction has a number of peculiarities that are not
understood. Partial oxidation is performed with a mixture of
oxygen and hydrogen, and it is not clear why one needs
hydrogen to perform an oxidation reaction. The behavior of
the system is strongly dependent on the size of the gold
clusters. The smallest clusters ~diameter ,2 nm) favor the
hydrogenation to propane, the medium-sized ones (2 nm
,d,4 nm) perform epoxidation, and the larger ones (d
.4 nm) are chemically inert. The TiO2 support plays an
important role: gold particles supported on other oxides do
not catalyze epoxidation. Finally, to increase the usefulness
of the process one would like to reduce hydrogen consump-
tion to form water ~this is a secondary reaction! and to in-
crease the rate and the yield of propene oxide formation.
Given this situation, a theoretical investigation of this sys-
tem, and, in particular, of the mechanisms of these reactions,
is likely to be useful.
We plan to examine, in a series of papers, the mecha-
nism of propene oxide synthesis and propene hydrogenation
on small Au clusters in gas phase and on the same clusters
supported on TiO2 . The present paper is the first in this
series. It uses density functional theory ~DFT! to calculate
the desorption energy and the geometry of all the low energy
isomers of the complexes @Aun(C3H6)#q ~for n5125, 8 and
q521, 0, 11), as well as the desorption energy of propene
on Au~111! and on Au/Au~111! @a gold atom adsorbed on the
Au~111! surface#.
In the organometallic chemistry literature it has been
proposed18–20 that the binding of propene to a metal involves
electron donation from the highest occupied p orbital of the
propene to the metal and a backdonation to the lowest unoc-
cupied molecular orbital ~LUMO! of propene. It seems there-
fore natural to try to correlate the desorption energy of pro-
pene to the electron affinity of the ‘‘naked’’ gold clustera!Electronic mail: metiu@chem.ucsb.edu
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~from now on we use the word naked for clusters with no
ligands!, with the expectation of finding that the higher the
electron affinity, the higher the desorption energy.
A similar correlation works for the absorption of oxygen
on neutral and negatively charged Au clusters. Since oxygen
is an electron acceptor it binds more strongly to the clusters
having lower ionization potential.21–29 Since the ionization
potentials of the naked Au clusters are smaller when the clus-
ter has an odd number of electrons, the desorption energy of
oxygen to such clusters should be higher. This is indeed the
case for both neutral and negative clusters.21–29
The calculations presented here find no correlation be-
tween the desorption energy of the propene and the electron
affinity of the naked cluster ~or the number of electrons in
the cluster!.
We have, however, managed to find a set of rules, which
use calculations on the naked clusters to predict trends on
propene-cluster bond strength and the bonding site of the
propene on the cluster. These rules are in the spirit of Fukui’s
frontier orbital theory30 and have been found by a systematic
examination of the results of the computations. They do not
constitute a ‘‘theory’’ and should be regarded as semiempir-
ical propensity rules.
To explain them we introduce the following nomencla-
ture: we call SOMO, an orbital that is occupied by one elec-
tron ~singly occupied MO! and reserve the names LUMO1,
LUMO2, ... for the lowest-lying empty orbitals. Among
these, LUMO1 has the lowest energy, the energy of LUMO2
is the next lowest, etc.
Having defined this nomenclature, we can now formu-
late the rules.
Rule 1. Propene binds preferentially to a site on the na-
ked cluster where a LUMO ~of the naked cluster! protrudes
most in the vacuum ~at such a site the overlap of the LUMO
with the p orbital of propene is the highest!.
Rule 2. If a naked cluster has several LUMOs that have
low energy, they can all contribute to propene binding. Vari-
ous LUMOs account for various isomers of the
@Aun(C3H6)#q complex ~with the same geometry of Aunq
cluster, but various binding sites of the propene to the clus-
ter!. The strongest bond of propene to a given Aun
q cluster is
to the site where the LUMO1 protrudes most into the
vacuum, the next strongest is to the site where LUMO2 pro-
trudes most into the vacuum, etc.
Rule 3. The lower the energy of LUMO1 of the naked
cluster, the higher the desorption energy of propene. This is
true no matter what the size and charge of the cluster are.
Rule 4. If LUMO1 has protruding lobes at several non-
equivalent sites, the propene will make the strongest bond at
the site having the lowest coordination.
Our calculations show that these rules apply to almost all
neutral, positive, and negative clusters examined here. As
with all semiempirical rules, there are occasional exceptions
that will be presented in the body of this paper.
Besides satisfying our intellectual appetite for a simple
picture of chemical bonding, these rules are useful. The num-
ber of places where propene might bind to a cluster grows
alarmingly with the cluster size. A look at a picture of the
shape of the low-lying LUMOs of the naked cluster elimi-
nates most of the possible propene binding sites and dimin-
ishes the number calculations. Furthermore, having some
guidance regarding the kind of cluster geometries that favor
binding may help the design of a better catalyst.
The rules also have some predictive power. They suggest
that propene will bind weakly to a flat face of the bulk metal,
because the LUMO is delocalized and has little electron den-
sity at any possible binding site ~on the flat face!. The same
argument can be made to predict that propene will not bind
to a flat face of a small Au cluster. Moreover, the rules pre-
dict that putting a Au atom on a Au~111! surface of bulk Au
will increase the desorption energy of propene, since the
LUMO is localized around the added atom and offers a good
binding site ~a good overlap with the p orbital of propene!.
All these predictions are confirmed by the calculations pre-
sented here.
Preliminary calculations suggest that this rule also works
for propene desorption on Ag and Cu clusters and for CO,
ethylene, propene oxide, and perhaps other electron donors
on the same metals. Work is now underway for testing these
conjectures.
II. COMPUTATIONAL DETAILS
Kohn-Sham density functional theory calculations have
been performed with the VASP program ~version 4.4.5!.31–34
The potential energy surfaces of all the systems presented
in this paper were initially sampled with the functional of
Perdew and Wang 1991 ~PW91!.35–38 We used ultrasoft
pseudopotentials allowing 1, 4 and 11 ‘‘valence’’ electrons
for H, C, and Au atoms, respectively. These pseudopotentials
were generated according to the scheme of Rappe et al.39
Relativistic effects were partially taken into account through
the use of a relativistic scalar pseudopotentials. We have ne-
glected the effect of spin-orbit coupling. All calculations
aimed at understanding the catalytic activity or the surface
science of gold, performed so far, have used this approxima-
tion without producing manifestly unreasonable results.
We use periodic boundary conditions so we examine a
‘‘solid’’ of clusters separated by rather large distances. Be-
cause of this the ‘‘bands’’ of this solid have no dispersion and
we have sampled only one point in the Brillouin zone. The
energy cutoff for the plane-waves expansion was 349 eV.
Monopole, dipole, and quadrupole corrections to the energy
were taken into account ~so that the clusters in the fictitious
solid do not interact with each other! by using a modified
version of the method proposed by Makov and Payne.40
Harris-Foulkes-like correction to the forces was included.
The Kohn-Sham matrix was diagonalized iteratively using
the residual minimization method—direct inversion in the
iterative subspace.34,41 The convergence criterion was 1024
eV for the self-consistent electronic minimization and for the
change of the total energy between two consecutive ionic
steps. Fractional occupancies of the bands were allowed at
the beginning of a geometry optimization, using a window of
0.05 eV and the Methfessel-Paxton ~first-order! method,42
but all the equilibrium structures were converged to integer
occupation numbers.
Many starting structures for the position of propene with
respect to the Au cluster ~1, 3, 11, 39, 70, and 69 for Au1 ,
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Au2 , Au3 , Au4 , Au5 , and Au8 , respectively! have been
fully optimized for the neutral complexes without symmetry
constraints, by using a conjugated gradient algorithm.43 Only
the bonding through the double bond of the propene mol-
ecule was considered. However, we examined several struc-
tures in which the methyl group interacts with one or several
gold atoms in the larger cluster. In all cases, the methyl
group goes away from the cluster during the geometry opti-
mization procedure. This indicates that we can safely ignore
the possibility that propene binds to the Au clusters through
the methyl group.
Various configurations for a given gold cluster were con-
sidered, including three-dimensional ~3D! and metastable
structures. We have not looked at the dissociative adsorption
of propene nor at the insertion of a H and/or a C atoms
between a Au-Au bond. All the starting structures for the
neutral complexes containing less than five Au atoms were
optimized in a 12 Å cubic supercell. After the geometric
convergence was reached, all the different stationary points
found were optimized again in a 15 Å cubic supercell. The
largest difference observed in the desorption energies calcu-
lated with both supercell size, using the convergence criteria
mentioned above, is less than 0.01 eV. For complexes con-
taining Au5 and charged clusters, only the latter supercell has
been considered. A larger supercell has been used for the
adsorption on Au8 (13316318 Å3 supercell for the planar
Au8 structures and a 16 Å cubic supercell for the 3D struc-
tures!.
The optimized structures were not subject to a vibra-
tional analysis and we did not exclude the possibility that
some of the low-lying isomers presented in this paper corre-
spond to unstable states. However, the lowest energy struc-
ture for all cluster sizes, excluding the monomer, were ob-
tained from at least two different starting structures which
give us some confidence that the final geometries we present
here are minima on the potential energy surface.
Our goal, in these searches, was not to characterize all
the low-lying isomers for a given cluster size, but to increase
our chance of locating the lowest energy structure.
The number of unpaired electrons was fixed during the
geometry optimization. We have considered two numbers of
unpaired electrons for the adsorption of propene on small
neutral Au clusters. These numbers correspond to singlet and
triplet electronic states for the adsorption on the monomer
and the trimer, and to a doublet and quartet for the com-
plexes containing the Au dimer. Our calculations showed that
the equilibrium structures for the higher number of unpaired
electrons are at least 2.0 eV higher in energy than the lowest
one. Consequently, only the lowest number of unpaired elec-
trons has been considered for clusters containing four atoms
and more and for charged complexes. For the latter, we have
performed some tests to ensure that the observation men-
tioned above was still valid.
The Au~111! surface has been modeled using a two layer
@334# supercell. This is too small to observe the Au~111!
surface reconstruction @233)# ~see Ref. 44, and references
therein! but we are confident that this will not change our
main conclusion. Recent calculations in our group on the
adsorption of O2 on Au~111! showed that the results are con-
verged with only two layers.24 Consequently, we have not
tried a three layer system. During the optimization, the bot-
tom layer was kept fixed at the bulk positions. We have used
a 15.5 Å vacuum layer in the direction perpendicular to the
surface. This value was not increased for the adsorption of a
Au atom and/or a propene molecule. Three starting structures
have been optimized for the adsorption of propene on
Au~111! and on Au/Au~111!. They correspond to the adsorp-
tion of the CuC double bond of propene on top, on bridge,
and on threefold sites. All other computational details are the
same as for the adsorption of propene on the Au clusters,
except for the sampling of the Brillouin zone. 23231 and
33331 grids, corresponding to two and five irreducible k
points, respectively, have been used for both the bare surface
and for the adsorption of propene and/or a Au atom. We have
not looked at larger number of k points because little was
gained for the adsorption of O2 on Au~111! when the number
of k points was increased to eight (43431 grid! ~Ref. 24!
and the change of the desorption energy of propene, when
increasing the number of k points from two to five in our
calculations, is less than 0.04 eV.
Comparison between theory and experiments on many
systems indicates that the PW91 functional overestimates the
desorption energy of molecules to metals. For example, the
experimental desorption energy D0 of the @Ag(C3H6)#1
complex is 1.6560.04 eV.45 Using the PW91 functional we
get a value which is 0.3 eV too large.
Better agreement between theory and experiment is ob-
tained when the B3LYP functional46–49 is used (D0
51.52 eV).45 Moreover, the desorption energies of CO to
neutral and charged Au clusters computed with the B3LYP
functional are also smaller by 0.4–0.6 eV than the corre-
sponding values computed with the PW91 functional.50
However, as mentioned in Ref. 50 the trends of the desorp-
tion energies with cluster size are the same with both func-
tionals.
We have also used the revised Perdew-Burke-Ernzerhof
~r-PBE! functional51 with the projector augmented-wave
pseudopotentials52 optimized for the PBE functional.53 The
energy cutoff for the plane-waves expansion in these calcu-
lations was 400 eV. We choose the r-PBE functional because
it has been demonstrated recently that this functional im-
proves the value of the computed desorption energies.51 For
example, the desorption energy computed with r-PBE for the
@Ag(C3H6)#1 complex is 1.72 eV, which is close to the ex-
perimental value. In fact, the computed value with r-PBE
falls within the experimental error bars when one subtracts
0.04 eV for the vibrational zero-point energy ~ZPE! contri-
bution calculated with the B3LYP functional.45 We cannot
exclude the possibility that the better agreement between
theory and experiment, when comparing r-PBE and PW91
functionals, is related in part to the different pseudopoten-
tials.
In this paper, we report only the values of the relative,
desorption, and orbital energies obtained with the r-PBE
functional. The rules are working with the PW91 functional
as well and the trends are the same with both functionals.
The desorption energies of propene to Au computed with
r-PBE are smaller by 0.3060.02 eV than the ones obtained
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with PW91. The only exceptions occur in those cases when
r-PBE predicts that the propene does not bind to the cluster.
We note that the decrease of the desorption energies obtained
with the r-PBE functional correlates with a shift of 0.2–0.3
eV ~to higher energy! of the LUMOs of the naked Au clus-
ters compared to the values obtained with the PW91 func-
tional.
III. THE DESORPTION ENERGY OF PROPENE
TO NEUTRAL Au CLUSTERS
We do not report our results for the naked neutral and the
charged Au clusters since they are close to the ones presented
in Refs. 54–56.
A. The adsorption of propene on Aun n˜1 – 5, 8:
Structures
The system Aun(C3H6) has a very large number of iso-
mers that differ either through the structure of the Aun cluster
or through the site to which the propene binds. We give here,
in Figs. 1 and 2, only the structures of those isomers that are
likely to have a detectable concentration when the system is
in thermal equilibrium ~their energy is at most 0.5 eV higher
than that of the most stable isomer!. For a given cluster size,
the structures in Figs. 1 and 2 are ordered in increasing value
of DE ~the excess of energy of the complex with respect to
the complex having the lowest energy!. The most stable
complex has DE50.
Propene binds to small, neutral Au clusters through the
double CuC bond. Binding can be either at a corner ~e.g.,
5An, 5Bn, 5Dn, 5En, etc., in Fig. 1! or bridging ~e.g., 5Cn!.
In almost all isomers propene prefers to bind at a corner. This
follows the pattern seen for the adsorption of H,57 CO,50
O2 ,23–25,58 methanol,59 and pyridine60 on the Au clusters.
We did not find any stable structure in which the CuC
double bond of propene is adsorbed perpendicular to a
Au-Au bond on the edge of a Au cluster. Nor did propene
bind to a flat face of a Au cluster; when geometry optimiza-
tion starts with a structure of this kind, the system evolves to
a geometry in which the propene binds to a corner atom. This
behavior is similar to that observed for the adsorption of O2
on small neutral and anionic gold clusters.23–25
Whether the bonding is at a corner or bridging, the
length of the CuC double bond increases and the CuCuC
angle decreases. When propene is adsorbed at a corner site,
the length of the CuC double bond varies between 1.36 and
1.40 Å and the CuCuC angle is between 123.3 and
125.4°. These values are between those calculated with the
PW91 functional for propene ~1.33 Å and 125.4°) and pro-
pane ~1.53 Å and 113.2°). This is consistent with an electron
transfer ~backdonation! from the Au cluster to an antibond-
ing MO of propene. This charge transfer is more pronounced
in those rare cases when propene bridge bonds.
When bonded to a corner atom the propene molecule
rotates almost freely, with that atom as a pivot. The energy
difference between the various ‘‘rotamers,’’ for all the neutral
clusters up to the pentamer, is less than 0.2 eV. For the ad-
sorption of propene on two-dimensional clusters, the lowest
energy rotamer always corresponds to the adsorption of the
CuC double bond parallel to the molecular plane defined by
the Au cluster.
B. The desorption energies
In the molecular physics literature the energy required to
separate the propene and the cluster is called the dissociation
energy. We use here the term desorption energy, as is com-
mon in surface science, and reserve the term dissociation for
the break up of the adsorbed molecule.
The desorption energy needs to be defined with some
care. Consider the case when the structure of the Aun cluster
in the compound Aun(C3H6) is very similar to that of a
metastable Aun cluster. We define the desorption energy De
to be
FIG. 1. Lowest energy isomers of the Aun(C3H6) complexes (n51 – 5)
calculated with the r-PBE functional. DE is the excess energy of an isomer
as compared to the energy of the most stable isomer. De is the desorption
energy of the propene from the cluster ~see text for the definition of the
desorption energy!. de is the relative energy of a Au cluster having the same
shape as in the complex ~but relaxed to its metastable structure! with respect
to the lowest energy isomer of the naked Aun cluster. The energies are in eV.
3759J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Binding of propene
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De5E@Aun
met#1E@C3H6#2E@Aun~C3H6!# . ~1!
Here E@Aun
met# is the energy of the naked Aun cluster whose
geometry is relaxed to the metastable structure closest to the
structure of Aun in the compound Aun(C3H6). For example,
in the complex 5Dn in Fig. 1 the Au5 cluster has a ‘‘butter-
fly’’ structure and the energy E@Aun
met# , used to calculate De
for this system, is the minimum energy of the naked cluster
with the butterfly structure. This definition is useful in ex-
periments that monitor the desorption of the propene. If the
Au5 cluster in complex Au5(C3H6) has a butterfly structure,
the desorption of the complex is most likely to form a but-
terfly naked Au5 cluster. Subsequent collisions will isomer-
ize the cluster to a ‘‘trapezoidal’’ structure ~5An in Fig. 1!,
which is the most stable structure of naked Au5 .
If we are interested in the exothermicity of desorption in
an equilibrium ensemble, we calculate the energy
De
eq5E@Aun
eq#1E@C3H6#2E@Aun~C3H6!# . ~2!
Here E@Aun
eq# is the energy of the lowest energy isomer of
the naked Aun . The desorption energies reported in this pa-
per were calculated from Eq. ~1! and were not corrected for
the ZPE. The vibrational energies of the separated propene
and Au are similar to those of the cluster-propene complex,
except for the vibration of the propene-cluster bond which is
small. Therefore, zero-point effects on the desorption ener-
gies are much smaller than the expected error of DFT, and
we can safely neglect it. For example, the ZPE contribution
to the desorption energy of @Ag(C3H6)#1 is 0.04 eV accord-
ing to the B3LYP functional.45
In some figures we indicate the relative energy de of a
Au cluster having the same shape as in the Aun(C3H6) com-
plex ~but relaxed to its metastable structure! with respect to
the lowest energy isomer of the naked Aun cluster. de50
indicates the lowest energy structure for a given naked Au
cluster. This quantity can be used to transform the value of
the desorption energies calculated with Eq. ~1!, De , to the
corresponding value from Eq. ~2!, De
eq
, using
De
eq5De2de@Aun~C3H6!met#1de@Aun~C3H6!eq# . ~3!
Here, de@Aun(C3H6)met# and de@Aun(C3H6)eq# are the value
of de of the Au cluster in a metastable Aun(C3H6) complex
and in the lowest energy isomer, respectively ~e.g.,
De
eq@5Dn#50.8420.3210.050.54 eV).
IV. THE BINDING MECHANISM: SEMIEMPIRICAL
RULES
In this section we document the validity of the rules
described in the Introduction and explain how to use them.
The rules can be rationalized by obvious arguments, based
on analysis in the space of the HOMO donor and the accep-
tors LUMOs. Unfortunately, such arguments, based on inde-
pendent electrons theory with a small MO basis set, have an
uncertain connection with reality. Therefore we prefer to
think of them as ‘‘semiempirical’’ rules based on the results
produced by the DFT calculations.
To illustrate how the rules work we consider first the
Au2 cluster shown in Fig. 3. The LUMO of the Au2 cluster
~2A in Fig. 3! extends into the vacuum at the ends of the
naked Au2 cluster. The rules predict that the propene will
bind to those positions, and the DFT calculations find that it
does. A more interesting example is Au3 which has two low
energy isomers ~structures 3A and 3B in Fig. 3!. The LUMO
of the bent Au3 structure ~3A in Fig. 3! is most prominent at
the ends of the cluster. The rules predict, in agreement with
the DFT calculations, that these are the binding sites for
propene. The LUMO of the triangular structure protrudes
most at the upper end of the triangle ~3B in Fig. 3! and
propene binds there ~according to the rules and the DFT
calculations!. Moreover, since the energy of LUMO1 is
23.6 eV, for the bent cluster, and 24.5 eV, for the triangu-
lar cluster, the rules predict that propene binds more strongly
at the upper tip of the triangle. The DFT calculations show
that the desorption energy to the triangle is De51.27 eV
while for the bent cluster it is De50.83 eV, in agreement
with the rules.
Another example is provided by the isomers of
Au8(C3H6) shown in Fig. 4. In these compounds the Au
cluster has the same shape and they differ only through pro-
pene binding site. In Fig. 4~b! we have labeled the atoms in
the Au cluster, for ease of reference. We also show the orbital
density uw iu2 of LUMO1 through LUMO3. The orbital den-
sity of LUMO1 has prominent lobes on the Au atoms labeled
4. According to the rules, this is the site to which propene
binds @see Fig. 4~a!#. Since the energy of this LUMO is the
lowest («524.1 eV) this is the isomer having the highest
desorption energy (De50.71 eV). LUMO2 has prominent
lobes at the sites labeled 3 and propene binds there. The
energy of LUMO2 («523.6 eV) is higher than that of
LUMO1 and therefore the desorption energy to sites 3
should be less than that to sites 4. Finally, LUMO3 has the
largest lobe at site 1 and propene binds there with a lower
desorption energy than at sites 3 and 4. These predictions of
the rules are confirmed by the DFT calculations.
FIG. 2. Excess, DE , and desorption energies, De , of the low-lying isomers
of Au8(C3H6) calculated with the r-PBE functional. de is the relative energy
of the Au8 clusters ~see text for definition!. The energies are in eV.
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There is however a complication. LUMO1 has promi-
nent lobes at atoms 4 and 2. Therefore we might expect an
isomer in which propene binds to 4 and one in which it binds
to 2. Indeed, we find that the isomer with propene at the
position labeled 2 is stable. Its desorption energy is substan-
tially smaller than that of the propene bound to 4. This is
consistent with the rule that if a LUMO has prominent lobes
on two nonequivalent gold atoms, propene binds preferen-
tially to the atom with the lowest coordination. However, we
do not have a rule to predict whether the desorption energy
to the higher coordination site is smaller or higher than the
desorption energy to the sites predicted by the other LUMOs.
Fortunately, there are few cases when a LUMO has lobes of
comparable size at sites that are not equivalent by symmetry.
Furthermore, the energy of the isomer in which propene
binds to atom 2 is 0.4 eV higher than that of the most stable
isomer, and therefore this cluster will not be observed in
equilibrated systems since kBT equal ;0.025 eV at room
temperature.
The rules predict that propene does not bind on a flat
surface of the Au clusters because the orbital density of the
LUMOs in that region is very low ~Fig. 3!. This is confirmed
by our DFT calculations.
The lack of good overlap also suggests why propene
does not adsorb perpendicularly to a AuuAu bond, at the
edge of the gold clusters ~Fig. 3!. The lobes of the LUMOs
protruding from the corner Au atoms are almost hemispheri-
cal in shape and there is no preferred angle for propene bind-
FIG. 3. Relative energies de , orbital energies «, and molecular orbital density uw iu2 of the neutral Au cluster, Aun (n52 – 5) calculated with the r-PBE
functional. The desorption energy De of propene to the site indicated by the LUMOs is also indicated ~the energies are in eV and the plots show equal density
surface of 0.025 electrons/Å3).
FIG. 4. ~a! Relative, DE , and desorption, De , energies for various adsorp-
tion sites on a low-lying isomer of Au8 calculated with the r-PBE functional
and ~b! orbital energies « and molecular orbital density uw iu2 of the lowest
unoccupied MOs ~the energies are in eV and the plots show equal density
surfaces of 0.025 electrons/Å3).
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ing. Moreover, the HOMO of propene, mainly p in charac-
ter, is also hemispherical above and under the nodal plane
defined by the CuCuC molecular plane. This means that
rotating the propene molecule, with the Au atom to which it
binds as a pivot, causes a small change in desorption energy
~as observed in the calculations!.
V. ADSORPTION OF PROPENE ON NEGATIVE
AND POSITIVE GOLD CLUSTERS
Since the binding of propene requires electron transfer to
the cluster, we expect the bond to a negative cluster to be the
weakest, that to the positive cluster to be strongest, and that
to a neutral cluster to be in between. These expectations are
confirmed by the calculations presented in this section. We
also find that the rules described in the Introduction work for
negative and positive ions as well as they do for neutrals.
The structures of the @Aun(C3H6)#1 and @Aun(C3H6)#2
(n51 – 5) complexes are shown in Figs. 5 and 6, respec-
tively. Only the lowest energy rotamer is indicated ~when
propene is adsorbed to a corner Au atom in the cluster!.
When performing the DFT calculations we have used the
shape of the LUMOs of the naked ~charged! clusters to re-
duce the number of propene binding sites studied. As a result
we have examined only ten isomers for Au4 and 25 for Au5
~for both positive and negative clusters!.
Since in many other systems the desorption energy of an
adsorbate correlates with either the ionization potential ~IP!
or the electron affinity ~EA! of the naked clusters, we have
calculated these quantities and give them in Table I. We also
give the IP and the EA of the Au-propene complexes, since
these may be used for identification purposes ~in experi-
ments! or for qualitative predictions of the manner in which
other molecules may bind to the Aun(C3H6).
The IPs given in Table I are the difference between the
energy of the positive ion minus that of the neutral species,
both in the structure and the geometry giving the lowest
energy. The EAs are the difference between the energy of the
neutral minus that of the negative ion, both species in the
lowest energy structures. These values are relevant to experi-
ments that measure the equilibrium populations of the coex-
isting ionic and neutral species.
For all cluster sizes, the IPs and EAs of the gold-propene
complexes are smaller than those of the corresponding naked
clusters. This suggests that the Aun(C3H6) complexes are
better electron donors than the naked Au clusters and not as
good electron acceptors. Therefore the Aun(C3H6) com-
plexes should bind electron accepting ligands ~e.g., O2) more
strongly than the neutral Aun clusters. They should also bind
less strongly an electron donating ligand ~e.g., CO!. Note
that the EAs of the naked clusters and those of the gold-
propene complexes oscillate with the number of gold atoms
in the system, as was observed in many experiments.61,62
The propene desorption energies of various isomers are
given in Figs. 1, 5, and 6. In the left column of Fig. 7 we plot
the desorption energy of the most stable Aun(C3H6) isomer,
as a function of n , for positive, neutral, and negative clusters.
For a given cluster size, the propene bond to neutral Aun
clusters is stronger than that to the negative cluster and
weaker than that to the positive cluster. This follows directly
from the idea that propene bond is stronger when electron
transfer from propene to the cluster is easier.
Prior work has noted that the desorption energy of oxy-
gen to negatively charged and neutral Au clusters oscillates
with the parity of the number of valence electrons in the
cluster.21–26 No such even-odd oscillation of the desorption
energies with the cluster size is observed for the systems
considered here.
The desorption energy of propene from the positively
charged Au clusters decreases with cluster size while that of
the negative clusters increases. This is not surprising: the
charge on the Au clusters is more delocalized as the size of
the cluster increases, which implies that the effect of the
charge, at a given binding site, will be smaller. We expect
FIG. 5. Excess, DE , and desorption, De , energies of the low-lying isomers
corresponding to the adsorption of propene on positively charged gold clus-
ters, Aun
1 (n51 – 5), calculated with the r-PBE functional. de is the relative
energy of the Aun
1 clusters ~see text for definition!. The energies are in eV.
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that as the size of the cluster increases the desorption energy
of propene will be the same, regardless of the charge on the
cluster. This means that gas-phase studies on sufficiently
large ~perhaps n>10) charged clusters, which are much
easier to perform experimentally than studies on neutral clus-
ters, are quite relevant to catalytic chemistry where neutral
clusters are used. They are particularly useful since differ-
ences in the chemical activity between the gas-phase systems
and the supported catalyst may be attributed to substrate ef-
fects.
The rules discussed here invoke the energy of the LU-
MOs as an important factor controlling the desorption energy
of propene to gold clusters. For this reason we have plotted
the absolute value of the orbital energy of LUMO1 of the Au
isomer found in the most stable Au-propene complexes as a
function of the cluster size ~see the right panels of Fig. 7!. As
predicted by the rules, the variation of the LUMO energy
with size correlates well with the desorption energy, for all
the neutral, negative, and positive clusters. This justifies our
disregard of the SOMO of the naked Au clusters in our
analysis. Had we used SOMO in analyzing bonding, we
would have falsely predicted an oscillation of the desorption
energy with the parity of the number of electrons. We do not
know why, but in all cases agreement between the rules and
the calculations is obtained only if SOMO is neglected. We
do not have a physical justification that could explain why
propene cannot donate electron to a partially occupied MO.
VI. ADSORPTION OF PROPENE ON Au111
To verify whether the concepts introduced here, based on
studies of propene binding to Au clusters, are useful in un-
derstanding the chemistry of bulk systems, we have studied
the adsorption of propene on the Au~111! and on a Au~111!
surface with a gold atom adsorbed on it @Au/Au~111!#.
In a remarkable paper, Valden, Lai, and Goodman have
proposed that small Au nanoparticles are chemically active
because they have a band gap.63 Work on oxygen adsorption
on small clusters and bulk surfaces24 suggested that the bind-
FIG. 6. Excess, DE , and desorption, De , energies ~in eV! of the low-lying
isomers corresponding to the adsorption of propene on negatively charged
gold clusters, Aun2 (n51 – 5), calculated with the r-PBE functional. de is
the relative energy of the Aun
2 clusters ~see text for definition!. The energies
are in eV.
FIG. 7. Desorption energies of propene ~left column! and absolute value of
the energy of the LUMO of the naked Au clusters ~right column! as a
function of cluster size. The upper, middle, and lower rows correspond,
respectively, to the cationic, neutral, and anionic complex or cluster. All
energies are in eV and were calculated with the r-PBE functional.
TABLE I. Electronic affinities ~EA! and ionization potentials ~IP! ~in eV!
for the naked Au clusters and for the Aun(C3H6) (n51 – 5) complexes
calculated with the r-PBE functional.
n
EA IP
Aun Aun(C3H6) Aun Aun(C3H6)
1 2.21 1.80 9.45 6.70
2 1.89 0.74 9.23 8.06
3 3.43 2.26 7.15 6.50
4 2.43 1.73 7.75 7.45
5 3.20 2.97 7.11 6.29
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ing of O2 to small Au nanoparticles has less to do with a
band gap and is more strongly correlated with the ‘‘rough-
ness’’ of the binding site: oxygen does not bind to flat faces
of a small cluster, even though a large gap exists, and it binds
to a bulk surface with a Au atom @Au/Au~111!# or dimer on
it, even though the system does not have a band gap. Below
we test if a similar statement can be made for the adsorption
of propene on gold.
This emphasis on the role of roughness is consistent with
Nørskov’s proposal that in some cases steps are active in
catalysis, while the flat surfaces are not. In particular he has
shown that O2 adsorbs more strongly to the steps than to the
Au~111! terrace.64
The equilibrium structures and the desorption energies
for propene on Au~111! and Au/Au~111! are shown in Fig. 8.
DFT calculations with the r-PBE functional find that pro-
pene does not bind to the Au~111! surface and the PW91
functional gives a very weak bond (De50.07 eV). The de-
sorption energy found experimentally is 0.36 eV ~Ref. 65! or
0.41 eV.66 The difference between experiment and theory
may originate from the failure of the existing functionals to
describe dispersion forces. Adding a correction similar to the
one used by Henkelman and Jo´nsson, for the adsorption of
CH4 on Ir~111!,67 could bring theory closer to the experi-
ments.
The calculated desorption energy of propene from the
Au/Au~111! surface is 0.64 eV. The behavior observed for
oxygen carries over to propene. Unpublished work in our
group indicates this to be true for hydrogen adsorption also.
The difference in the desorption energies of propene to
the Au~111! and to Au/Au~111! may be interpreted in terms
of the binding mechanism proposed here. In the case of me-
tallic systems @e.g., the Au~111! surface# there is a large num-
ber of unoccupied states near the Fermi level. In this case,
our rules predict that any LUMO that is near the Fermi level
and is localized and protrudes into the vacuum will cause
propene to bind. The LUMOs presented in Fig. 8 are just an
example of such a case. One can see, in Fig. 8, that the
LUMO of the Au~111! surface is delocalized over the whole
slab giving a very small overlap with an adsorbing molecule
at any site on the surface. On the other hand, the addition of
a single Au atom to the Au~111! surface localizes the LUMO
around that Au atom, allowing a much better overlap with
the donating HOMO of propene. The effect of the adsorbed
Au atom is very local: propene does not bind to the adjacent
flat surface.
The desorption energy of propene from the Au/Au~111!
surface ~Fig. 8! is larger than the desorption energy in the
complex Au(C3H6), which is 0.38 eV. This is also under-
standable within the binding mechanism proposed here.
Some of the charge density of the Au atom in Au/Au~111! is
used to form the bond with the surface. As a result that atom
is electron depleted ~as compared to a gas-phase Au atom!
and it is more disposed to take electrons from propene. The
opposite behavior is observed when propene binds to a Au
atom located in an oxygen vacancy on a TiO2 surface. Since
the vacancy is electron rich, the Au atom has an excess of
electron density ~as compared to a gas-phase Au atom! and
propene binds more weakly to Au/TiO2 than to Au.
The frequency shifts observed in a high-resolution elec-
tron energy loss spectroscopy experiment suggest that pro-
pene does not adsorb parallel to the top layer of the Au~111!
surface.66 The calculated equilibrium structure presented in
Fig. 8 agrees with that observation. The CuC double bond
is tilted by 11.3° with respect to the top Au layer for the
adsorption over a single Au atom ~adsorption on on top site!
of the Au~111! surface. A similar tilt angle is observed for the
adsorption of propene over a AuuAu bond ~adsorption on
bridge site!. The calculated tilt angle is close to the value
obtained experimentally for the adsorption of propene on
Ag~110!, 2065°.68
Finally, we mention that the structure of propene ad-
sorbed on Au~111! is the same as in the gas phase within the
errors of the generated gradient approximation functional.
For the adsorption of propene on the Au/Au~111! surface, the
geometric parameters of propene are in the range reported
for the adsorption of propene on a corner atom in the Aun
clusters in the gas phase.
VII. EXCEPTIONS TO THE RULES
In all desorption energy calculations of propene, to neu-
tral or ionized Au clusters, presented in this paper, we have
observed very few exceptions to the rules. One example of
failure is provided by the isomers 5An and 5Bn shown in
Fig. 1, in which propene binds to a trapezoidal Au5 cluster.
The shape of LUMO1 of the naked Au5 trapezoidal cluster is
shown in Fig. 3. The rules suggest therefore that the most
stable isomer is obtained when propene binds to the corner
of the long base of the trapeze ~5Bn in Fig. 1!. The DFT
calculations find that to be the binding site. The LUMO2 of
the naked, trapezoidal Au5 cluster has larger lobes ~see 5A of
Fig. 3! at the shorter base of the trapeze and that is where
propene binds. So far so good. However, an exception to the
rules occurs when we use the LUMO energies to predict
which of the two isomers is more stable. Since the energy of
the LUMO1 is lower, the rules predict that the strongest pro-
pene bond will be to the corner of the long base ~5Bn of Fig.
1!. The DFT calculations say that this is not the case: the
bond to the top edge of the trapeze ~5An of Fig. 1! is stron-
FIG. 8. ~a! Equilibrium structures and desorption energies De ~in eV! of
propene bound to Au~111! and to Au/Au~111!. ~b! The orbital density of the
LUMO of Au~111! and Au/Au~111! ~the plots show equal density surfaces
of 0.02 electrons/Å3).
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ger. However, note that the orbital energies of the two LU-
MOs are 23.5 and 23.3 eV and the desorption energies to
the two sites are 0.57 eV and 0.69 eV. These energy differ-
ences are rather small and it would be very surprising if our
empirical rules had the high accuracy needed to discriminate
between these two cases.
There are very few exceptions to the third rule ~the lower
the energy of LUMO1 of the naked cluster, the higher the
desorption energy of propene! when one does not take into
account differences in the desorption and orbital energies
that are meaningless compared to the accuracy of DFT ~see
Fig. 3!. In fact, the following case is the only one observed in
this paper. According to the orbital energy of the LUMO1 of
the metastable isomers 5C («524.5) and 5D («523.5) of
Au5 , we expect propene to bind more strongly to the first
isomer. Surprisingly, the DFT calculations give the same de-
sorption energy for both isomers.
VIII. SUMMARY AND CONCLUSIONS
We have used density functional theory to examine the
binding of propene to small neutral and charged Au clusters
and to the Au~111! and Au/Au~111! surfaces. We have pro-
posed a set of qualitative rules that allow us to make predic-
tions of the binding site and of the structure of the most
stable isomers, based on the knowledge of the LUMOs of the
Au cluster and the propene’s HOMO. The rules make a num-
ber of statements.
~1! The binding of propene to gold involves an electron den-
sity transfer from the HOMO of the propene to one of
the LUMOs of gold. The easier this transfer is, the stron-
ger the bond. This means that the bond to Aun
1 is stron-
ger than that to Aun , which in turn is stronger than that
to Aun
2
. The bond to Au/Au~111! is stronger than the
bond to a Au atom, because binding of Au to the Au~111!
surface drains some electron density from the adsorbed
Au atom, making it more positive, hence more interested
in taking electronic density from propene. Furthermore,
propene binds less strongly to a Au atom adsorbed on an
oxygen vacancy in TiO2 than to a Au atom, because the
Au atom in the vacancy has an additional negative
charge. These results suggest that it is possible to ma-
nipulate the reactivity of small gold clusters, or other
catalytic systems such as oxide surfaces, by injecting or
removing electron density from them. One step in this
direction has been made in Moskovits group,69 by using
a gate to change the electron density in a SnO2 nanowire
and manipulate its ability to adsorb oxygen or to oxidize
CO.
~2! The most stable isomer of @Aun(C3H6)#q (q521, 0,
11) is the one in which propene adsorbs on a site where
LUMO1 has the most prominent lobe. Higher energy
isomers are formed by binding to the protruding lobes of
LUMO2, etc. We remind the reader LUMO1 denotes the
empty ~not singly occupied! orbital with the lowest en-
ergy, LUMO2 is the one with the next lowest energy, etc.
This rule rationalizes why propene does not bind to the
flat face of a cluster or to a flat surface of the bulk, and
why it binds to a Au atom ~or to a cluster! adsorbed on
Au~111!. In almost all cases studied here propene binds
to a ‘‘corner atom’’ on the cluster; we found only one
example where propene bound to two edge atoms.
~3! The desorption energy of propene in the most stable iso-
mer of @Aun(C3H6)#q (q521, 0, 11) correlates well
with the energy of LUMO1. Plots of the desorption en-
ergy of the most stable isomer versus n are strikingly
similar to those in which the energy of LUMO1 is plot-
ted versus n . The same correlation exists for CO ~Ref.
50! and propene oxide adsorption on gold.
~4! When LUMO1 has two prominent lobes the lowest en-
ergy isomer is obtained by binding to the site where the
Au atom has the lowest coordination.
We have found that these rules work well for practically
all systems examined here. Unpublished work70,71 verified
that they are correct for Ag clusters and Au-Ag alloys.
The rules proposed here work because the energy sepa-
ration between the LUMOs of the small Au clusters is large.
Unfortunately, the energy separation between the LUMOs
decreases as the cluster grow. In that case, we proposed to
look at the local density of states above the Fermi level.72
Propene binding will take place where such density is local-
ized and protude in the vacuum.
The rules make certain predictions that we plan to exam-
ine soon. The binding of O2 to the Au clusters involves do-
nation from the cluster to the 2p* MO of the O2
molecule.23–25 This will make the Au cluster more positive,
hence more able to take electrons from propene. Our rules
predict that the binding of propene to AunO2 will be stronger
than the binding to the Aun . Such a cooperative effect has
been observed experimentally for the reactivity of CO and
O2 when they are simultaneously adsorbed on the anionic Au
clusters.22,73
For a given cluster size, the electron affinities of the Ag
clusters are smaller than the ones of the Au clusters.61,62
Since electron affinity is a measure of the tendency of the
cluster to accept an electron we predict that propene will
bind more weakly to Agn than Aun . The electron affinities of
the mixed Au/Ag clusters are in between the ones of the pure
Au and Ag clusters. Therefore, the desorption energy of pro-
pene from the mixed Au/Ag clusters should be larger than
from the Ag clusters and less than that of the Au clusters.
Moreover, propene should bind more strongly to a Ag atom
in the mixed cluster than in the pure Ag cluster and more
weakly to the Au cluster in the mixed cluster than on the
same Au atom in a pure Au cluster. We infer this because the
electronegativity of Au is larger than that of silver, so the
silver atoms in the mixed cluster are more positive than in
the pure Ag clusters and the Au clusters in the mixed clusters
are more negative than those in the pure Au.
Finally we note that besides helping us systematize vari-
ous desorption energies and predicting trends for binding in
new situations, the rules also help those who calculate bind-
ing of molecules to gold, silver, or Au-Ag alloys. Even for a
cluster of modest size one has to consider a priori a very
large number of possible binding sites. For example, for a
Au5 cluster we have examined 70 possible structures. Had
we used the rules we would have needed only 25 calcula-
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tions. If we wanted to find only the lowest energy isomer, we
would have needed only one calculation.
ACKNOWLEDGMENTS
Financial support from the Air Force Office of Scientific
Research ~AFOSR! through a Defense University Research
Initiative on Nanotechnology ~DURINT! grant is gratefully
acknowledged. We want to thank Greg Mills for helpful dis-
cussions.
1 T. Hayashi, K. Tanaka, and M. Haruta, J. Catal. 178, 566 ~1998!.
2 M. Haruta, B. S. Uphade, S. Tsubota, and A. Miyamoto, Res. Chem.
Intermed. 24, 329 ~1998!.
3 Y. A. Kalvachev, T. Hayashi, S. Tsubota, and M. Haruta, J. Catal. 186, 228
~1999!.
4 B. S. Uphade, M. Okumura, S. Tsubota, and M. Haruta, Appl. Catal., A
190, 43 ~2000!.
5 C. Qi, T. Akita, M. Okumura, and M. Haruta, Appl. Catal., A 218, 81
~2001!.
6 M. Haruta and M. Date´, Appl. Catal., A 222, 427 ~2001!.
7 B. S. Uphade, Y. Yamada, T. Akita, T. Nakamura, and M. Haruta, Appl.
Catal., A 215, 137 ~2001!.
8 B. S. Uphade, T. Akita, T. Nakamura, and M. Haruta, J. Catal. 209, 331
~2002!.
9 M. Haruta, Cattech 6, 102 ~2002!.
10 A. K. Sinha, S. Seelan, T. Akita, S. Tsubota, and M. Haruta, Appl. Catal.,
A 240, 243 ~2003!.
11 T. A. Nijhuis, B. J. Huizinga, M. Makkee, and J. A. Moulijn, Ind. Eng.
Chem. Res. 38, 884 ~1999!.
12 G. Mul, A. Zwijnenburg, B. van der Linden, M. Makkee, and J. A. Moul-
ijn, J. Catal. 201, 128 ~2001!.
13 A. Zwijnenburg, M. Saleh, M. Makkee, and J. A. Moulijn, Catal. Today
72, 59 ~2002!.
14 E. E. Stangland, K. B. Stavens, R. P. Andres, and W. N. Delgass, J. Catal.
191, 332 ~2000!.
15 J. Jia, K. Haraki, J. N. Kondo, K. Domen, and K. Tamaru, J. Phys. Chem.
B 104, 11153 ~2000!.
16 C. Mohr, N. Hofmeister, M. Lucas, and P. Claus, Chem. Eng. Technol. 23,
324 ~2000!.
17 T. V. Choudhary, C. Sivadinarayana, A. K. Datye, D. Kumar, and D. W.
Goodman, Catal. Lett. 86, 1 ~2003!.
18 R. F. Heck, Organotransition Metal Chemistry: A Mechanistic Approach
~Academic, New York, 1974!.
19 M. J. S. Dewar, Bull. Soc. Chim. Fr. 18, C71 ~1951!.
20 J. Chatt and L. A. Duncanson, J. Chem. Soc. 1953, 2939.
21 B. E. Salisbury, W. T. Wallace, and R. L. Whetten, Chem. Phys. 262, 131
~2000!.
22 W. T. Wallace and R. L. Whetten, J. Am. Chem. Soc. 124, 7499 ~2002!.
23 G. Mills, M. S. Gordon, and H. Metiu, Chem. Phys. Lett. 359, 493 ~2002!.
24 G. Mills, M. S. Gordon, and H. Metiu, J. Chem. Phys. 118, 4198 ~2003!.
25 S. A. Varganov, R. M. Olson, M. S. Gordon, and H. Metiu, J. Chem. Phys.
119, 2531 ~2003!.
26 B. Yoon, H. Ha¨kkinen, and U. Landman, J. Phys. Chem. A 107, 4066
~2003!.
27 A. Franceschetti, S. J. Pennycook, and S. T. Pantelides, Chem. Phys. Lett.
374, 471 ~2003!.
28 Y. D. Kim, M. Fischer, and G. Gantefo¨r, Chem. Phys. Lett. 377, 170
~2003!.
29 D. Stolcic, M. Fischer, G. Gantefo¨r, Y. D. Kim, Q. Sun, and P. Jena, J. Am.
Chem. Soc. 125, 2848 ~2003!.
30 K. Fukui, Science 218, 747 ~1982!.
31 G. Kresse and J. Hafner, Phys. Rev. B 47, 558 ~1993!.
32 G. Kresse and J. Hafner, Phys. Rev. B 49, 14251 ~1994!.
33 G. Kresse and J. Furthmu¨ller, Comput. Mater. Sci. 6, 15 ~1996!.
34 G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169 ~1996!.
35 J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson,
D. J. Singh, and C. Fiolhais, Phys. Rev. B 46, 6671 ~1992!.
36 J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson,
D. J. Singh, and C. Fiolhais, Phys. Rev. B 48, 4978~E! ~1993!.
37 J. P. Perdew, K. Burke, and Y. Wang, Phys. Rev. B 54, 16533 ~1996!.
38 J. P. Perdew, K. Burke, and Y. Wang, Phys. Rev. B 57, 14999~E! ~1998!.
39 A. Rappe, K. M. Rabe, E. Kaxiras, and J. D. Joannopoulos, Phys. Rev. B
41, 1227 ~1990!.
40 G. Makov and M. C. Payne, Phys. Rev. B 51, 4014 ~1995!.
41 P. Pulay, Chem. Phys. Lett. 73, 393 ~1980!.
42 M. Methfessel and A. T. Paxton, Phys. Rev. B 40, 3616 ~1989!.
43 W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
Numerical Recipes in Fortran: The Art of Scientific Computing ~Cam-
bridge University Press, Cambridge, 1992!.
44 A. R. Sandy, S. G. J. Mochrie, D. M. Zehner, K. G. Huang, and D. Gibbs,
Phys. Rev. B 43, 4667 ~1991!.
45 M. J. Manard, P. R. Kemper, and M. T. Bowers ~Private communication!.
46 A. D. Becke, J. Chem. Phys. 98, 5648 ~1993!.
47 C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 ~1988!.
48 S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200 ~1980!.
49 P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch, J. Phys.
Chem. 98, 11623 ~1994!.
50 X. Wu, L. Senapati, S. K. Nayak, A. Selloni, and M. Hajaligol, J. Chem.
Phys. 117, 4010 ~2002!.
51 B. Hammer, L. B. Hansen, and J. K. Nørskov, Phys. Rev. B 59, 7413
~1999!.
52 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 ~1999!.
53 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
~1996!.
54 F. Furche, R. Ahlrichs, P. Weis, C. Jacob, S. Gilb, T. Bierweiler, and M. M.
Kappes, J. Chem. Phys. 117, 6982 ~2002!.
55 S. Gilb, P. Weis, F. Furche, R. Ahlrichs, and M. M. Kappes, J. Chem.
Phys. 116, 4094 ~2002!.
56 H. Ha¨kkinen, B. Yoon, U. Landman, X. Li, H.-J. Zhai, and L.-S. Wang, J.
Phys. Chem. A 107, 6168 ~2003!.
57 D. Fischer, W. Andreoni, A. Curioni, H. Gro¨nbeck, S. Burkart, and G.
Gantefo¨r, Chem. Phys. Lett. 361, 389 ~2002!.
58 D. H. Wells, Jr., W. N. Delgass, and K. T. Thomson, J. Chem. Phys. 117,
10597 ~2002!.
59 R. Rousseau and D. Marx, J. Chem. Phys. 112, 761 ~2000!.
60 D. Y. Wu, M. Hayashi, C. H. Chang, K. K. Liang, and S. H. Lin, J. Chem.
Phys. 118, 4073 ~2003!.
61 J. Ho, K. M. Ervin, and W. C. Lineberger, J. Chem. Phys. 93, 6987 ~1990!.
62 K. J. Taylor, C. L. Pettiette-Hall, O. Cheshnovsky, and R. E. Smalley, J.
Chem. Phys. 96, 3319 ~1992!.
63 M. Valden, X. Lai, and D. W. Goodman, Science 281, 1647 ~1998!.
64 M. Mavrikakis, P. Stoltze, and J. K. Nørskov, Catal. Lett. 64, 101 ~2000!.
65 S. M. Wetterer, D. J. Lavrich, T. Cummings, S. L. Bernasek, and G.
Scoles, J. Phys. Chem. B 102, 9266 ~1998!.
66 K. A. Davis and D. W. Goodman, J. Phys. Chem. B 104, 8557 ~2000!.
67 G. Henkelman and H. Jo´nsson, Phys. Rev. Lett. 86, 664 ~2001!.
68 J. L. Solomon, R. J. Madix, and J. Sto¨hr, J. Chem. Phys. 93, 8379 ~1990!.
69 Y. Zhang, A. Kolmakov, S. Chretien, H. Metiu, and M. Moskovits, Nano
Lett. 4, 403 ~2004!.
70 S. Chre´tien, M. S. Gordon, and H. Metiu, J. Chem. Phys. ~to be pub-
lished!.
71 S. Chre´tien, M. S. Gordon, and H. Metiu, J. Chem. Phys. ~to be pub-
lished!.
72 R. Hoffmann, Rev. Mod. Phys. 60, 601 ~1988!.
73 J. Hagen, L. D. Socaciu, W. Elijazyfer, U. Heiz, T. M. Bernhardt, and L.
Wo¨ste, Phys. Chem. Chem. Phys. 4, 1707 ~2002!.
3766 J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Chre´tien, Gordon, and Metiu
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Wed, 02 Dec 2015 15:51:52
